The paper discusses the role of wind speed and mixing-layer height in shaping the levels of pollutant concentrations in the air of Krakow (Southern Poland). The hourly averaged measurements of concentrations of selected air pollutants and wind speed values from the period of 2014-2015, recorded at two of the air quality monitoring stations within Krakow (both industrial and urban background) were used for this purpose. Temporal variability of mixing-layer height in the area of the monitoring stations was determined using numerical modelling with the CALMET model and the measurements derived from, i.a., two upper air stations. It was found that wind speed and mixing-layer height are in at least moderate agreement with the concentration values for some pollutants. For PM 10 , PM 2.5 , NO 2 , NO x , CO and C 6 H 6 correlation coefficient is of negative value, which indicates that the low wind speed and low mixing-layer height may be the dominant reason for elevated concentrations of these substances in the air, especially in the winter months. Moderate but positive correlation was found between O 3 concentrations and analysed meteorological parameters, proving that the availability of appropriate precursors and their inflow from the neighbouring areas have an important role in the formation of tropospheric ozone. On the other hand, in case of SO 2 , a weak both positive and negative correlation coefficient was obtained, depending on the period and location of the station concerned.
Introduction
Air quality conditions within the given area are affected by numerous meteorological parameters, among which wind speed and the height (depth) of mixing layer are of great importance. These factors determine the pace of air masses movements and the potential processes of concentration and dilution of air pollutants comprised within, as a result of an air inflow from neighbouring areas, more or less polluted [1, 13, 15, 44] . Wind is also a fundamental dispersing factor defining the spread direction of air pollutant plumes emitted from various emission sources, which leads to considerable diversity of pollution levels in the air caused by their influence.
For most substances, at higher wind speeds observed concentrations in the air decrease [22, 25, 32, 45] , due to the intensified dilution of pollutants. The ventilation effect is of particular importance in the heating season, during which an increased emission from household fuel combustion and petrol vehicles cause the accumulation of pollutants in the city centre. Higher wind speed may also lead to the inflow of pollutants from further distances [13, 17] and can contribute to a possible increase in their concentrations in the air within the area where they were initially lower. On the other hand, in case of such secondary pollution as ozone, an increased wind speed may involve higher concentrations as a result of the inflow of precursors (mainly hydrocarbons) participating in the formation of this compound in tropospheric air together with the presence of nitrogen oxides [2, 10, 24, 37] .
In the urban areas building configuration plays a significant role, as its unfavourable setup may considerably restrict the site ventilation [12] . Disturbance of ventilation conditions specific for high-density cities, where buildings block natural wind corridors, leads to accumulation of pollutants in the city centres [6, 25] . Significant variation in terms of the wind speed influence on the pollutant concentrations is observed depending on the location of the measurement point [15] . For example, within urban street canyons, where road transport is primary emission source, air pollutants propagate differently compared to the open area [14, 16, 21, 30, 39, 41] .
Mixing-layer height and the atmospheric stability occurring within the planetary boundary layer are relevant as well in terms of shaping processes of the air quality conditions in the areas subjected to strong anthropogenic pressure. Low height of mixing and stable atmosphere, which limit the vertical movements of air masses are, next to low wind speeds, primary factors responsible for episodes of elevated pollutant concentrations in the air (including PM 10 and PM 2.5 ) in many cities around the world, observed particularly in the winter [4, 11, 17, 18, 28, 29, 35, 38] .
Assessing the impact of wind speed and mixing-layer height… 317 Krakow city (Southern Poland) is characterized by notably adverse local meteorological conditions due to its location in the Vistula valley and specific landform associated with numerous hills and mountain slopes around the city. This positioning, combined with excessive condensation of multi-storey building clusters in Krakow are not conducive to the natural ventilation of the city, which is one of the main reason for frequent calm winds episodes and elevated pollutant concentrations in the air, especially in the winter period [25] .
The aim of this study was to determine the effect of momentary wind speed and mixing-layer height on the observed concentrations of pollutants recorded at the two of air quality monitoring sites located in Krakow (Southern Poland): urban background station and industrial station (measuring the impact of industrial facilities). In the paper the results of continuous measurements from 2014 and 2015 of hourly averaged pollutant concentrations (PM 10 , PM 2,5 , SO 2 , NO 2 , NO x , CO, C 6 H 6 and/or O 3 ) and wind speed were analysed along with the modelled values of mixing-layer height for the location of those stations during the corresponding period.
Studies assessing the impact of selected meteorological parameters on air quality for other large Polish cities are known [5, 6, 8, 21, 33, 45] , but the subjected area was usually characterized by a more favourable location with better ventilation properties. Similar analysis was also carried out several times for the city of Krakow [7, 25, 31] , but for the earlier period. In these studies the attention was drawn to the importance of meteorological parameters (including temperature, wind speed and/or synoptic situation) for the variability of some pollutant concentrations and to significant difference in the nature of the relationship between these concentrations and meteorological parameters. In [25] it was proved that mixing-layer height had a significant impact on air pollution in 2012 in Krakow.
Materials and methods
The analysis was conducted for the results of continuous measurements of pollutant concentrations in the air carried out in 2014 and 2015 at two of the air quality monitoring stations belonging to the Voivodeship Inspectorate of Environmental Protection (WIOS) in Krakow [42] : Nowa Huta industrial station and Kurdwanow urban background station (Table 1, Figure 1) , where during the period mentioned above some of meteorological parameters (including wind speed) were recorded concurrently. Measurements at the stations are performed using reference methods specified in the law individually for each substance [34] .
The Nowa Huta station measures the impact of the nearby industrial facilities (situated along the dominant wind directions) and other emission sources, including: • low emission sources (local road traffic, the motorway bypass located at a distance of approx. 1.1-1.2 km to the south, single-family detached houses located in a distance of approx. 0.2-0.9 km to the north and northwest, compact residential area with individually heated houses situated in a distance of approx. 0.9-1.2 km to the north and approx. 1-2 km to the northwest, southwest and east), • high point sources (two large combustion plants located approx. 11 km to the southwest and approx. 6 km to the northeast).
Assessing the impact of wind speed and mixing-layer height… Due to the lack of the mixing-layer height measurements in the area of the analysed air quality monitoring stations, its values were estimated using CALMET model [36] . Input measurement data for the CALMET model were obtained from two upper air stations (Wroclaw and Legionowo) and six surface meteorological stations (Krakow -Balice, Krakow -AGH, Bielsko-Biala, Katowice, Nowy Sacz, Tarnow). These data were derived from National Climatic Data Center (NCDC) [21] and NOAA Earth System Research Laboratory (ESRL) [23] databases, as well as from the METEO Service belonging to AGH, Faculty of Physics and Applied Computer Science [43] . Location of the used meteorological stations is shown in Figure 2 .
Gridded geophysical data prepared on the basis of SRTM3 and Corine Land Cover database with a resolution of 200 m according to the methodology described in [26] and [27] , were used for the calculation of three-dimensional meteorological data.
Depending on the case, the strength of correlation between measured parameters was determined using nonparametric Spearman's rank correlation coefficient (r s ) at the significance level of p < 0.05, Pearson correlation coefficient (r) and/or coefficient of determination (r 2 ). Analysis was carried out with diversity occurring in different months of the year taken into account. 
Results and discussion

The impact of wind speed
In the case of most substances measured continuously at the analysed air quality monitoring stations an exponential relationship between concentration in the air and wind speed was observed. This relationship is particularly evident in the winter months ( Figures 3 and 4) . For this reason, the strength of the correlation for the analysed parameters was determined using the Spearman's rank correlation coefficient (r s ) with differences during particular periods of the year taken into account. Calculated correlation coefficients r s (at the significance level of p < 0.05) obtained for each measuring station are presented in the Tables  2 and 3 (monthly and annual Based on the calculated correlation coefficients r s it can be concluded, that the concentrations of PM 10 , PM 2.5 , NO x , CO and C 6 H 6 in the air (and for the Kurdwanow station NO 2 as well) generally decrease with increasing wind speed (r s < 0), with the greatest absolute values of correlation coefficients obtained for the winter months. The strongest inverse relationship, in particular during the heating season was found for PM 10 , PM 2.5 and CO. Important sources of their emission are household fuel combustion and automotive vehicles. For those substances analysed correlation coefficient throughout the heating season for the Nowa Huta station reaches the value of |r s | > 0.6 ( Figure 5 ), and in some winter months the value of |r s | exceeds 0.7 (Table 2) .
This indicates a significant influence of low wind speed episodes on deterioration of aerosanitary conditions in Krakow agglomeration in the heating season. During that period, wind speed is seemed to be of fundamental importance in shaping the levels of pollutants in the air, and with the limited possibilities of air masses vertical movements it can strongly determine the presence of exceedances of PM 10 and PM 2.5 concentrations in the air of Krakow. During the analysed period (2014) (2015) in the area of the analysed air quality monitoring stations the calm and weak wind episodes (wind speed up to 1 m·s -1 ) were predominant, which constitute, depending on the station and year, approx. 50-64 % of all observations and reflects a typical situation for the city of Krakow [25] . The monthly averaged wind speeds, depending on the month and the station, changed in the range of 0.5 to 1.6 m·s -1 irrespective of the season. At the Kurdwanow station they were approx. 22 % lower compared to the Nowa Assessing the impact of wind speed and mixing-layer height… 323 Huta station. This may be the one of the reasons for higher NO 2 and NO x concentrations in the air during 2014-2015 in the area of the Kurdwanow station compared to the Nowa Huta station (16 % and 38 %, respectively) [3, 42] . Considerably higher concentrations of NO x recorded at the Kurdwanow station may also indicate that it is subjected to greater emissions from the road traffic and industrial facilities (e.g. large combustion plants) than the Nowa Huta station, especially since the differences mentioned above occur throughout the year. On the other hand, increased wind speed may also accelerate the oxidation of NO to NO 2 , as a result of the inflow of larger amounts of oxidants (including ozone and radicals) and catalysts (hydrocarbons) for the process from other areas [2] . This may partially account for the weaker negative correlation between NO 2 and wind speed observed at the Nowa Huta station and for smaller annually averaged NO x /NO 2 ratio in the analysed period (at the level of 2.3) compared to the Kurdwanow station (equal to 2.7). In the case of SO 2 , the positive correlation coefficient in relation to wind speed obtained for the Nowa Huta station appears to be caused by the inflow of this substance from other parts of Krakow and neighbouring municipalities with dense detached housing, and by accelerated transportation of this pollutant from more distant industrial emission sources. It is important to emphasize that SO 2 concentration in the air is strongly associated with other meteorological parame-326 R. Oleniacz, M. Bogacki, A. Szulecka, M. Rzeszutek, M. Mazur ters (including relative humidity and air temperature), which under specific conditions with availability of adequate amounts of metal compounds (promoting conversion of SO 2 to SO 3 ) and ammonia, contribute to the secondary inorganic aerosols formation (mainly to ammonium sulphate). The intensification of this process can be particularly observed at night, when the water vapour contained in the air turns into liquid phase. This may cause further weakening of correlation between SO 2 and wind speed.
For the Kurdwanow station significantly positive correlation between O 3 concentrations in the air and wind speed was obtained. The reason behind this may be associated with more intense inflow of air rich in NO 2 and O 3 at high wind speeds (e.g. from less urban, wooded and rural areas characterized by higher molar ratio of NMVOCs/NO x in the air than in urban areas). This occurrence is possible to take place mainly during hot season together with adequately high insolation. On the other hand, it is possible for NO to be blown away from urban areas, which otherwise, after being emitted from local sources (e.g. road transport) and, could react with O 3 and consequently reduce its concentration in the air. This situation is always present, but may be of particular importance at low insolation (winter, clouded sky etc.). During these conditions, formed NO 2 is not able to undergo photodissociation, and thus, the recreation of O 3 is impossible. Simultaneously, wind can change the state of equilibrium between NO-NO 2 -O 3 concentrations by stripping away the air abundant in NO from the analysed area and inflowing over this area the air richer in oxidising substances (including radicals HO*, HO 2 *, O* or organic radicals, etc.).
Given the Figures 3 and 4 it may be concluded, that reduction in air concentrations of some pollutants with the increase of wind speed cannot be observed beyond a predetermined point. Ventilation of the region affects the level of dilution of the substance, which is however limited by its background concentration present within the area (or within a given wind rose sector).
At high wind speeds during dry period, concentration of particulate matter in the air can possibly increase again, which may consequently weaken the negative nature of the relationship between these parameters. Explanation of this phenomenon is associated with wind erosion and the entrainment of dust from the ground including the roads (fugitive dust emission), which occur at high wind speeds. However, the frequency of higher wind speed episodes in the area of analysed monitoring stations is usually very low. For example, in 2014 for the Nowa Huta and Kurdwanow stations those episodes accounted for 4.0 and 1.7 % (wind speed above 3 m·s -1 ) and 0.7 and 0.1 % (wind speed above 4 m·s -1 ) in relation to all observations with maximum of hourly averaged wind speed equal to 5.3 and 4.4 m·s -1 , respectively.
The impact of mixing-layer height
Cyclic changes in the height (depth) of mixing layer, which characterizes the range and intensity of air masses vertical movements, are responsible for significant daily variation of air pollutant concentrations in Krakow. This height may vary from tens of meters in case of surface-based temperature inversion (at night) to more than 1000 m in situation with strong vertical movements of thermodynamic origin (convection), primarily occurring in the daytime. The most unfavourable conditions appear to be connected with high-pressure situations, low horizontal pressure gradient and the temperature distribution during inversion (sometimes throughout the day), which result in a significant deterioration of dispersion properties of air pollutants [33, 40] . Figure 6 shows the monthly averaged variability of mixing-layer height, calculated for the location area of the analysed air quality monitoring stations. It reveals that this parameter is also subjected to significant fluctuations during the year with lowest values in the cold months. The Spearman's rank correlation coefficients obtained for each of the stations between modelled 1-hour averaged mixing-layer height and measured concentrations of pollutants are presented in Tables 4 and 5 (monthly and annual) and Figure 7 (divided into heating and non-heating season).
Similarly to the results of the wind speed impact assessment, the PM 10 , PM 2.5 , NO 2 , NO x , CO and C 6 H 6 concentrations in the air decrease with increasing mixing-layer height, especially in the winter months (for the NO 2 and NO x concentrations measured at the Nowa Huta station, this correlation is weaker). For SO 2 concentrations a weak positive correlation in relation to the mixinglayer height was found for the measurements from the Nowa Huta station, and a weak negative correlation during the heating season with no correlation in the non-heating season for measurements at the Kurdwanow station ( Figure 7) . The concentration of O 3 (measured only at the Kurdwanow station) increases with the increase in mixing-layer height. It is important to highlight the following facts related to the formation of ozone:
• mixing-layer is the deeper the higher isolation level which causes the increase of temperature and intensification of updrafts and these conditions are always favourable to the formation of O 3 and conversion of SO 2 to SO 3 , • increase in the mixing-layer height is related to a strong convection, which promotes mixing of the pollutants and improves the kinetics of the NO to NO 2 conversion -and consequently the kinetics of the formation of O 3 and oxidation of SO 2 to SO 3 as well, • increase in the mixing-layer height in urban areas (heat island) always drags in from surrounding areas the air rich in hydrocarbons, and oxidation of hydrocarbons is the source of radicals significantly accelerating the conversion of NO to NO 2 , hence shifting the photostationary equilibrium between NO-NO 2 -O 3 toward the production of O 3 and organic peroxides (including PAN).
In existing atmosphere all of these phenomena occur depending on the complexity of meteorological conditions and the composition of atmosphere determined by characteristics of emission sources.
In general, the increase in height of mixing layer causes similar effects as the increase in wind speed. However, the mixing-layer height remains in a slightly weaker correlation with the concentrations of most substances (excluding O 3 ) compared to the results for the wind speed, both in the heating and nonheating season. This may be partially due to the fact, that the height of mixing layer was determined using mathematical modelling with CALMET model, based on the datasets derived from measuring stations located at a great distance from the city of Krakow. Existing studies show that the CALMET model may cause an overestimation of mixing-layer height maximum values and is characterized by a strong variability during the afternoon compared to the observed values [9] . Research conducted for the mixing-layer height measurement data indicates that this parameter may determine the concentration levels of pollutants in the air to much greater extent within the street canyon (in particular for the case of PM 10 ) [39] .
Similar impact on air quality of wind speed and mixing-layer height values results from the fact that these parameters are partially correlated with each other (especially in the winter months). Thus, their impact can be accumulated, affecting exponentially the variability of the pollutant concentrations within the air near to the surface in reference to only one of these parameters shown in Figure  3 and 4 and proved in [25] , among others. Detailed analysis of this issue is presented in the next chapter.
Cumulated impact of wind speed and mixing-layer height
The Pearson correlation coefficients between mixing-layer height and wind speed obtained for both of the stations in the period of 2014-2015 amounted to 0.62 during the heating season and 0.40 in the non-heating season ( Table 6 ). The highest value of Pearson's linear correlation coeffi- In practice, rather strong relationship between wind speed and mixing-layer height present during several months of the year makes it impossible to conduct multivariate regression analysis, which provides for the determination of their simultaneous impact on the pollutant concentrations recorded at the monitoring stations. However, the cumulative effect of these parameters can be graphically presented, as an example of the PM 10 concentrations in relation to wind speed and mixing-layer height values for the Nowa Huta and Kurdwanow stations during the heating season in 2014 shown in Figure 9 .
Similar effects can also be observed for other substances, which concentrations in the air are significantly dependent on the variability of the parameters mentioned above. An exemplary episode associated with considerable reduction in initially high concentrations of certain air pollutants as a result of great in- In addition, Figures 10 and 11 illustrate the dilution effect of pollutants resulting from the daily cyclic changes in the height of mixing layer during the period with very low wind speeds (14-16.12.2014 ).
Conducted analysis shows that low mixing-layer height (up to 100 m) occurred in the area of the analysed monitoring stations for aprrox. 38-40 % of the time throughout the year, and was most frequent in cold months. Low mixinglayer height was often associated with low wind speed (or calm wind) episodes. Therefore, such adverse aerosanitary conditions may be one of the major causes for significant deterioration of air quality in Krakow during the heating season. 
Conclusions
Krakow, due to its unfavourable location in the valley and high level urban density, is a city characterized by poor ventilation properties, which combined with large amounts of local emission sources contribute to the occurrences of significant air pollution, especially in the heating season. In such situation the variability of meteorological parameters is of great importance, as it determines the potential dilution of pollutants in areas with high concentrations. On the basis of studies and analysis carried out for a period of two years (2014) (2015) it can be concluded, that the concentrations of most air pollutants present in Krakow in the area of industrial station (Nowa Huta) and urban background station (Kurdwanow) are correlated with wind speed and mixing-layer height.
The strongest negative correlation between the concentrations of certain pollutants in the air and the wind speed/height of mixing layer occurs in winter months and concerns the following substances: PM 10 , PM 2.5 and NO x (measured at both of the stations) and CO and C 6 H 6 (measured only at the Nowa Huta station). This conclusion is evidenced by relatively high Spearman's rank correlation coefficients (|r s | > 0.5) obtained for analysed data with a temporal resolution of 1 hour.
During the heating season the cumulative impact of both meteorological parameters mentioned above is observed, which intensifies the dilution and concentration processes of pollutants within the mixing zone. These factors are mutually partially correlated, which is especially evident in the winter months. In extreme cases, the Pearson correlation coefficient between wind speed and mixing-layer height reaches the level of 0.83 (Nowa Huta station, December In the case of O 3 concentrations, measured only at the Kurdwanow station, for all of the months in the year a relatively high positive correlation was found in relation to both of the analysed meteorological parameters. This may be involved, among others, with the inflow of the air rich in O 3 and other oxidising substances or hydrocarbons (which are the sources of radicals accelerating the conversion of NO to NO 2 and ozone formation). On the other hand, it may result from blowing away the air rich in NO from the analysed area, which could react with O 3 and reduce its concentration in the air. During warmer months the increase of the mixing-layer height is associated with strong convection that results from increased insolation level and higher temperature, which promotes the formation of ozone.
At this station, a significant reduction in the NO 2 and NO x concentrations during the non-heating season with an increase of both wind speed and mixinglayer height was observed. This information can indicate that this station is subjected to a significant impact of the nearby road traffic and industrial emission and may point to dilution processes of pollutants (and air pollution plumes from point sources) resulting from an increase in wind speed and mixing-layer height. During the months characterized by intense solar radiation NO 2 undergoes photodissociation, thus causing the formation of ozone, peroxyacetyl nitrate (PAN) and other organic peroxides which is also promoted by mixing effects.
The weakest relationship between the concentrations in the air and the wind speed or the mixing-layer height was obtained for SO 2 , and periodically for the Nowa Huta station in case of NO 2 as well. Furthermore, these correlations defined for individual months are characterized by a noticeable variability and, example given, for SO 2 concentrations measured at the Nowa Huta station in 2014-2015 they were generally of positive value. The increase in SO 2 concentrations in the air with increasing wind speed and mixing-layer height appears to be caused by intensified inflow of this substance (air masses with its higher concentrations) from other regions, including more distant residential areas of singlefamily detached houses and industrial emission sources located along the dominant wind directions. On the other hand, periodically occurring lack of correlation of analysed meteorological parameters with NO 2 concentrations may partly be due to the mutual neutralisation of two effects: dilution of this substance in the air and accelerated oxidation of NO to NO 2 as a result of the inflow of oxidants from the areas where they are in abundance. In the case of the Nowa Huta station, direct impact of vapour emissions of volatile organic compounds and other pollutants from a nearby gas station, roads transport and industrial plants may also be crucial.
Impact assessment of wind speed and mixing-layer height on the pollutant concentrations conducted in the paper for two measurement points located in the city of Krakow provides partial explanation for the reasons behind the episodes with elevated concentrations of certain pollutants in the air, which are recorded at the analysed monitoring stations. Furthermore, performed analysis allowed for 338 R. Oleniacz, M. Bogacki, A. Szulecka, M. Rzeszutek, M. Mazur the examination of both causes and nature of periodically occurring noticeable improvement of air quality in the city. However, further analysis taking into account greater number of parameters and measurement points is advisable, together with the evaluation of mixing-layer height temporal variability determined in the paper using mathematical modelling. This paper has been prepared within the scope of the AGH UST statutory research no. 11.11.150.008.
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